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Abstract
Large-scale first-principles density functional theory calculations are performed to investigate the adsorption
and diffusion of Ru adatoms on monolayer graphene (G) supported on Ru(0001). The G sheet exhibits a
periodic moiré-cell superstructure due to lattice mismatch. Within a moirécell, there are three distinct regions:
fcc, hcp, and mound, in which the C6-ring center is above a fcc site, a hcp site, and a surface Ru atom of
Ru(0001), respectively. The adsorption energy of a Ru adatom is evaluated at specific sites in these distinct
regions. We find the strongest binding at an adsorption site above a C atom in the fcc region, next strongest in
the hcp region, then the fcc-hcp boundary (ridge) between these regions, and the weakest binding in the
mound region. Behavior is similar to that observed from small-unit-cell calculations of Habenicht et al. [Top.
Catal. 57, 69 (2014)], which differ from previous large-scale calculations. We determine the minimum-energy
path for local diffusion near the center of the fcc region and obtain a localdiffusion barrier of ∼0.48 eV. We also
estimate a significantly lower local diffusion barrier in the ridge region. These barriers and information on the
adsorption energy variation facilitate development of a realistic model for the global potential energy surface
for Ru adatoms. This in turn enables simulation studies elucidating diffusion-mediated directed-assembly of
Ru nanoclusters during deposition of Ru on G/Ru(0001).
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Large-scale first-principles density functional theory calculations are performed to investigate the
adsorption and diffusion of Ru adatoms on monolayer graphene (G) supported on Ru(0001). The
G sheet exhibits a periodic moiré-cell superstructure due to lattice mismatch. Within a moiré cell,
there are three distinct regions: fcc, hcp, and mound, in which the C6-ring center is above a fcc
site, a hcp site, and a surface Ru atom of Ru(0001), respectively. The adsorption energy of a Ru
adatom is evaluated at specific sites in these distinct regions. We find the strongest binding at an
adsorption site above a C atom in the fcc region, next strongest in the hcp region, then the fcc-hcp
boundary (ridge) between these regions, and the weakest binding in the mound region. Behavior
is similar to that observed from small-unit-cell calculations of Habenicht et al. [Top. Catal. 57, 69
(2014)], which differ from previous large-scale calculations. We determine the minimum-energy
path for local diffusion near the center of the fcc region and obtain a local diffusion barrier of
∼0.48 eV. We also estimate a significantly lower local diffusion barrier in the ridge region. These
barriers and information on the adsorption energy variation facilitate development of a realistic
model for the global potential energy surface for Ru adatoms. This in turn enables simulation studies
elucidating diffusion-mediated directed-assembly of Ru nanoclusters during deposition of Ru on
G/Ru(0001). C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934349]
I. INTRODUCTION
Monolayer (ML) graphene (G) sheets supported on
various single-crystal metal surfaces generally display a
periodically rumpled moiré-cell superstructure due to lattice
mismatch between G sheet and the underlying support.1
This feature means that supported G sheet often provides an
effective template for directed-assembly of metal nanoclusters
(NCs) via deposition and biased diffusion of metal adatoms
across the sheets.2–4 In most cases, the NCs nucleate at a
specific location within each moiré cell, thereby potentially
forming a periodically ordered array of NCs with narrower size
distribution than resulting from spatially random nucleation.
Consequently, these systems provide a convenient platform for
systematic testing of, e.g., catalytic or plasmonic properties of
supported NCs.
Perhaps, most extensively studied is the formation of
NCs of various metals on G/Ir(111)2 and on G/Ru(0001).3,4
Sometimes transport between moiré cells is limited or
negligible leading to the rapid formation of one NC per cell.5
However, more generally, transport between moiré cells is
facile at the deposition temperature (T), so only a fraction
of cells are populated, at least at lower deposited coverages.
Following experimental convention,4 the fraction of moiré
cells populated by a NC is described as the filling factor (FF),
so that significant transport between cells can result in FF
values well below unity.
Detailed understanding and analysis of directed-assembly
must be based on knowledge of the global potential energy
surface (PES) for adatom binding. This PES has a short-
scale oscillatory variation (on the length scale of C–C bond)
reflecting the local adsorption sites and local diffusion barriers
between them, as well as a larger-scale coarse variation across
the moiré cell. This coarse periodic modulation in the binding
energy leads to a thermodynamic preference for nucleation
in the region of the moiré cell with the strongest binding
due to local enhancement of the quasi-equilibrium density of
diffusing adatoms.6,7 However, for systems with FF well below
unity, kinetic factors will also impact NC formation. Clearly,
transport between cells is important, so not only just the local
diffusion barrier in the preferred region but also global features
of the PES such as the modulation in the adsorption energy
across the moiré cell and the effective barrier for long-range or
global diffusion can impact behavior.7–9 In simplest scenario,
one might expect that FF is determined by standard nucleation
theory for homogeneous systems, but just using the effective
barrier or rate for global diffusion.8,9 However, actual behavior
and accurate prediction of FF can be more complicated, as we
describe below.
To provide some insight into the complexity of these
systems, just considering adatom diffusion in the absence
of NC formation, effective medium theory for heterogeneous
systems10,11 or master equation based analyses reveals that
global diffusion is not described exactly by a single barrier.
However, for NC formation, the relevant effective diffusivity
as determined by the mean NC separation and thus by FF
is even more subtle being impacted by kinetic aspects of the
NC nucleation process.7,12,13 The basic point is that definitive
analysis of NC formation and its relationship to the underlying
energetics requires kinetic Monte Carlo (KMC) simulation
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of a suitable stochastic atomistic-level model for the overall
deposition, diffusion, and aggregation processes where the
model must incorporate the local and coarse variation in
binding and diffusion properties with at least a reasonable
model PES.7,14 Simplified modeling may however be viable in
some regimes.
Thus, to enable predictive system-specific simulation,
reliable preliminary determination of at least some key
features of the PES for adatom binding is invaluable. This
prompts our current large-scale first-principles density func-
tional theory (DFT) study of the Ru-on-G/Ru(0001) system
utilizing extensive national supercomputing resources where
we incorporate the large moiré unit cell analyzing various
aspects of adsorption energies and diffusion barriers. We do
note however a particularly instructive analysis of Habenicht
et al.9 for the same system, where they mimic the G/Ru(0001)
structure in different regions of the moiré cell using small-unit-
cell DFT analysis. We compare our results against this study.
In Sec. II, we describe our computational methods. Sec. III
presents our binding energy and diffusion barrier analyses.
Sec. IV provides some discussion of implications for directed-
assembly of NCs, and Sec. V summarizes our results.
II. METHODS
We perform first-principles DFT total energy calculations
for the Ru-on-G/Ru(0001) system using the plane-wave VASP
code.15–18 The projector augmented wave (PAW) method19,20 is
used for the electron-core interactions, and the Perdew-Burke-
Ernserhof (PBE) generalized gradient approximation (GGA)
functional21 is used for exchange and correlation, as in previous
work on G/Ru(0001) systems.22–25,8 We use the corresponding
pseudopotentials generated and released in 2013 by the VASP
group. For the purpose of comparison, we also use the PBE
GGA+D2 method for the van der Waals (vdW) correction26 to
selectively calculate specific adsorption energies.
The specific system analyzed here consists of a G sheet
which, as in previous work,22–25,8 is supported on a 3-ML
Ru(0001) slab (often also described as a 3-layer slab) with
lateral unit cell dimensions given below. The energy cutoffs for
the plane wave basis are set to be default value 400.00 eV for
a Ru-C system. In these calculations, we relax the Ru adatom,
all C atoms in the G sheet, and Ru atoms in the top two layers
of the Ru(0001) slab, leaving the bottommost ML of Ru(0001)
fixed. Before relaxation, the initial configuration of Ru atoms
in the Ru(0001) slab is set to correspond to the bulk hcp
structure with the optimized lattice constants a = 0.2714 nm
and c/a = 1.576. For further details of the calculation of bulk
Ru lattice constants and comparison with those from previous
calculations and experiments in the literature, see Appendix A.
The reliability of selecting a “small” slab thickness of 3 ML is
also discussed in Appendix A which explores the convergence
of Ru(0001) surface energy with increasing slab thickness.
Experimental studies show that G sheet supported on
Ru(0001) exhibits a moiré-cell superstructure27,28 with a
unit cell of (25 × 25) C/(23 × 23) Ru(0001), i.e., 25 × 25
carbon atoms per 23 × 23 Ru(0001) surface atoms. Each unit
cell consists of four almost identical subunit cells of (12.5
× 12.5) C/(11.5 × 11.5) Ru(0001).29 The actual unit cell is too
large for practical computations. Thus, in our calculations, we
take a smaller supercell of (12 × 12) C/(11 × 11) Ru(0001),
which has been shown to effectively capture the geometric
and electronic properties of the G/Ru(0001) system.22,30–32,24
Our supercells are repeated periodically and separated by a
vacuum region in the direction orthogonal to the surface. The
vacuum thickness between adjacent supercells of 2.2 nm is
shown to be thick enough for energy convergence (i.e., to
eliminate significant interaction between adjacent slabs) and
is much larger than that taken in previous work.22,23,8
The optimization process for the above large Ru-C system
is extremely CPU-time-consuming due to the drastic relaxa-
tion. Thus, the stopping criterion for the energy minimization
is often set to be quite rough, e.g., in earlier work, the balance
of self-consistent forces is accepted with a large tolerance of
1 or 0.5 eV/nm.22,23,25 Our calculations show that reducing the
tolerance from 0.5 to 0.1 eV/nm can cause a decrease of up to
∼0.1–0.3 eV in the adsorption energies of Ru on some specific
adsorption sites. Thus, for accuracy, we choose 0.1 eV/nm as
the force-convergence criterion in our calculations.
In almost all calculations for the (12 × 12) C/(11 × 11)
Ru(0001) system in the previous literature, the k mesh
was generally taken as the Γ point (i.e., 1 × 1 × 1), but no
information was presented on energy convergence adjusting
the choice of k mesh. We find that the total energies of
optimized (12 × 12) C/(11 × 11) Ru(0001) slab is 1.833
(1.800) eV higher for a 3 × 3 × 1 (5 × 5 × 1) mesh relative
to a 1 × 1 × 1 mesh, indicating that total energy converges
already for a 3 × 3 × 1 mesh. Thus, in most calculations of
this work, we take the k mesh to be 3 × 3 × 1. However, we
also take a 1 × 1 × 1 mesh in some cases (as indicated below),
for convenience of comparison with the previous literature.
Extensive analyses are performed to determine the Ru
adatom adsorption energy at various locations. In addition,
more limited studies are performed related to Ru adatom
diffusion. To accurately obtain the minimum-energy path
(MEP) for diffusion, and the associated barrier, we use the
climbing nudged elastic band (cNEB) method.33,34
III. RESULTS FROM DFT ANALYSIS
AND COMPARISON WITH PREVIOUS STUDIES
A. G/Ru(0001)
First, we relax the initially flat 12 × 12 G sheet on a 3-ML
11 × 11 Ru(0001) slab starting with all Ru atoms at their bulk
hcp crystal positions and keeping the bottommost ML of the
slab fixed. The moiré-cell superstructure for the G/Ru(0001)
system after optimization is shown in Fig. 1(a). The side view
in Fig. 1(b) shows the C-Ru spacing (dC-Ru) and the corrugation
(cG) of the G sheet. The corrugation (cRu) of the topmost ML of
the Ru(0001) slab is very small and is not shown in Fig. 1(b).
The solid red rhombus in Fig. 1(c) shows the top view of a
single moiré cell, which is used as the supercell in our DFT
calculations, with the side length LM = 11a = 2.9854 nm (cf.,
∼3 nm from STM experiments27,28), where a = 0.2714 nm
is the DFT value of the lattice constant of Ru(0001), see
Appendix A. Considering the relative positions of the C atoms
and the underlying Ru atoms,5,27,22 a moiré cell is divided into
three regions: fcc, hcp, and mound regions, where the center
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FIG. 1. DFT optimized 12×12 G sheet
on 3-ML 11×11 Ru(0001) slab dis-
plays the moiré-cell superstructure from
the method of PAW PBE GGA with
k mesh of 3×3×1. (a) A perspective.
(b) Side view. dC-Ru is the height dif-
ference between highest Ru atom and
lowest C atom; cG is the height dif-
ference between highest C atom and
lowest C atoms. The height is along
the z direction for the natural choice of
Cartesian coordinates, as indicated by
the arrow. (c) Top view focusing on a
single moiré cell indicated by a solid
red rhombus with the moiré-cell side
length LM= 11a = 2.9854 nm, where
a = 0.2714 nm is the DFT surface lat-
tice constant of Ru(0001). Three re-
gions: fcc, hcp, and mound, as well as
ridge (dashed red line) of the moiré cell
are also indicated.
of a 6-atom C-ring (C6-ring) is above a fcc site, a hcp site,
and a surface Ru atom of Ru(0001), respectively, as shown
in Fig. 1(c). Also, a “ridge” (dashed red line) is defined as
separating fcc and hcp regions, and thus, the ridge joins two
neighboring mound regions. Here, the “mound” region is also
often described as the “atop” region,5,3,7,13,14 while the “ridge”
was previously described as the “fcc-hcp boundary”7,13,14 or
“bridge.”35
Table I lists our results for cG, cRu, and dC-Ru from PBE
GGA and PBE GGA+D2 methods with different k meshes.
The increase of k points does not significantly change these
geometric parameters, see Table I. For comparison, DFT and
experimental (STM and LEED) results from the literature are
also listed in Table I.
B. Adsorption of a Ru adatom on G/Ru(0001)
In view of the symmetry of the system, it is only necessary
to evaluate the PES for adatom adsorption in the symmetry-
irreducible equilateral triangular subregion of the supercell,
see dashed green equilateral triangle in Fig. 1(c) or Fig. 2.
To search locally stable configurations, we initially place the
Ru adatom above selected sites of the optimized G/Ru(0001)
system. These sites are indicated as dots with integer labels in
Fig. 2. If the lateral position of the adatom relative to G sheet
does not noticeably change after full relaxation, then this site
is described as “locally stable” and marked as a yellow dot in
Fig. 2. The locally stable sites and their adsorption energies
Ead are listed in Table II. Here,
Ead = Etot − Esub − ERu, (1)
where Etot (Esub ) is the total energy with (without) the Ru
adatom on the C-Ru substrate and ERu is the energy of one Ru
atom in gas phase.
We start by seeking the most favorable adsorption site
near the center of the fcc region. First, the adatom is relaxed
on the center (r0) of the C6 ring which is itself at the center of
the fcc region, and then it is relaxed above a C atom (c1) in
that C6 ring which is above a surface Ru atom. See Fig. 2 for
sites r0 and c1. Both sites are locally stable, and we find that
the energy at c1 is substantially lower by ∼0.3 eV than at r0,
i.e., the Ru adatom favors c1 over r0. This result contrasts the
DFT analyses of Sutter et al.39 and Zhang et al.,35 where Ru
adatom favors the center of the C6 ring. However, our result is
consistent with that of Habenicht et al. using a 3 × 3 cell.9 For
a more comprehensive analysis of the PES around the center
of fcc region, we also place the Ru adatom above various other
sites and then relax the system. For example, we find that sites
c4, c5, and c7 with the adatom above a C atom which is itself
is above a surface Ru atom (like c1), as well as sites r2 and
r3 with the adatom above the center of a C6-ring (like r0),
are locally stable. These are marked as yellow dots in Fig. 2.
Adsorption at c1 is stronger than at c4 and c7, but slightly
weaker than at c5. Sites c1, c4, c5, and c7 with the adatom
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TABLE I. Optimized geometric parameters of 12×12 G sheet on 3-ML
11×11 Ru(0001) slab from DFT methods (with k meshes) as well as the
values measured from STM and LEED experiments. cRu is the corrugation
of Ru surface, the height difference between highest and lowest Ru atoms in
top Ru ML. dC-Ru is the C-Ru spacing, the height difference between highest
Ru atom and lowest C atom. cG is the corrugation of G sheet, the height
difference between highest and lowest C atoms in G sheet. Also see Fig. 1(b)
for dC-Ru and cRu.
Methods
cRu
(nm)
dC-Ru
(nm)
cG
(nm)
PAW, PBE GGA, k 3×3×1 (or 5×5×1) 0.0061a 0.2178a 0.1719a
PAW, PBE GGA, k 1×1×1 0.0066a 0.2168a 0.1699a
0.005b 0.22c 0.15c
0.22d 0.167d
0.222b 0.151b
0.2156e 0.1537e
PAW, PBE GGA+D2, k 1×1×1 0.0053a 0.2157a 0.1395a
0.223f 0.121f
PAW, LDA, k 1×1×1 0.212d 0.175d
0.215f 0.155f
GTH, revPBE+D2, k 1×1×1 0.218g 0.117g
STM experiments ∼0.18h ∼0.1h
∼0.1i
∼0.11j
∼0.11k
LEED experiments ∼0.026l ∼0.184l ∼0.153l
aThis work.
bReference 32.
cReferences 22 and 30.
dReference 23.
eReference 8.
f Reference 35.
gReference 36.
hReference 27.
i Reference 28.
j Reference 37.
kReference 38.
l Reference 31.
above a C atom are more stable than sites r0, r2, and r3 with
the adatom above a fcc site of Ru(0001). However, we find that
sites c2, c3, and c6 (marked as white dots in Fig. 2) with the
adatom above a C atom which is in turn above a hcp site are
unstable and that the adatom relaxes to a nearby locally stable
site. Site b1 above the center of a C–C bond is also unstable.
The above analysis is not guaranteed to find the lowest-
energy configuration for Ru adatom adsorption in the fcc
region. Thus, we perform additional exploration around the
most stable sites mentioned above. In fact, we find that a
configuration, denoted c1a (as it is similar to c1), has an even
lower energy than c1 and c5, see Appendix B for details. The
position of Ru adatom for c1a is almost the same as for c1
relative to the underlying C atoms (i.e., Ru adatom is always
above a C atom of the C6 ring), but the Ru adatom and the
local C atoms have a collective shift from c1 to c1a relative to
Ru(0001) slab. This “shift” results in an energy difference of
41 meV. In the rightmost column of Table II, we list all energies
of “locally stable” adsorption sites relative to the reference
point c1a, which is the global minimum in adsorption energy.
Next, we perform a similar but less comprehensive
analysis for Ru adatom adsorption near the center of the
FIG. 2. Zoom-in of the dashed green equilateral-triangle region in Fig. 1(c).
The yellow (white) dots indicate locally stable (unstable) adsorption sites of
Ru adatom. The letters r, c, and b in labels are used to indicate whether the Ru
adatom is above a C6 ring, a carbon atom, and a C–C bridge in the G sheet,
respectively. The red crosses indicate sites used to estimate the corresponding
transition state (TS) energies for adatom hops, see Sec. III D.
hcp region. From Table II, the lowest energy for a Ru adatom in
the hcp region is at site c13, i.e., the Ru adatom above a C atom
which is in turn above a surface Ru atom, see Fig. 2. The energy
at site c13 is ∼0.25 eV lower than at site r8 which is above
the center of a C6-ring. This again contrasts the DFT results of
Sutter et al.39 and Zhang et al.,35 where Ru adatom favors the
center of the C6 ring. However, it is consistent with analysis
of Habenicht et al. using a 3 × 3 cell.9 Also, our observation
that optimal adsorption in the hcp region is significantly less
favorable than in the fcc region (see Sec. III C for details) is
consistent with all the above studies. Paralleling our analysis
for the fcc region, other sites c15 and c18 with Ru adatom
above a C atom which is in turn above a surface Ru atom
have similar stability to c13. Like site r8, site r9 with the
Ru adatom above the center of a C6-ring is stable. Sites with
Ru adatom above a C atom above a hcp site are sometimes
weakly stable, e.g., sites c16 or c17, and sometimes not, e.g., a
Ru adatom placed above site c14 finally moves to site r8 after
full relaxation.
In the mound region, we assess Ru adsorption at four sites
(r10, r11, c19, and c20), see Fig. 2. All these sites are locally
stable, but r10 and r11, at each of which the Ru adatom is above
the center of a C6 ring, are preferred over c19 and c20, at which
the Ru adatom is above a C atom above hcp site and fcc site of
Ru(0001), respectively. See Table II. Significantly, adsorption
in the mound region is far less preferable than any of the fcc,
hcp, or ridge regions, again consistent with Habenicht et al.9
We thus argue that the detailed energetics in the mound region
are not particularly relevant for Ru NC formation.
Finally, along the ridge separating fcc and hcp regions,
we first assess Ru adsorption at three sites (r6, b2, and r7), see
Fig. 2. Sites r6 and r7 with the Ru adatom above the center
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TABLE II. Locally stable and unstable sites for Ru adatom on G/Ru(0001).
For sites with labels in the second column, see Fig. 2. A “locally stable”
site means the position of the adatom does not noticeably change relative
to G sheet after the adatom initially sits on this site and then fully relaxes.
Ead is the adsorption energy and E is the potential energy relative to the
reference point c1a. For c1a and r2a, see text. A “locally unstable” site means
the adatom moves from initial position to a “locally stable” site in the fourth
column after the adatom fully relaxes. DFT method: PAW PBE GGA with k
mesh of 3×3×1.
Regions Sites Ead (eV) E (eV)
fcc r0 Stable −2.265 0.334
c1 Stable −2.558 0.041
c1a Stable −2.599 0.000
c2 Unstable r0
r1 Unstable r0
r2 Stable −2.227 0.372
r2a Stable −2.257 0.342
c3 Unstable c1
c4 Stable −2.516 0.083
c5 Stable −2.584 0.015
c6 Unstable r4
r3 Stable −2.030 0.569
r5 Unstable r4
b1 Unstable c7
c7 Stable −2.480 0.119
r4 Stable −2.080 0.519
Ridge r6 Stable −1.781 0.818
b2 Unstable r7
r7 Stable −1.826 0.773
c8 Stable 1.156
c9 Stable lowa
c10 Stable 0.812
c11 Stable lowa
c12 Stable 0.734
hcp r8 Stable −1.825 0.774
c13 Stable −2.077 0.522
c14 Unstable r8
c15 Stable −2.017 0.582
c16 Stable −0.899 1.700
r9 Stable −1.794 0.805
c17 Stable −0.893 1.706
c18 Stable −1.976 0.623
Mound r10 Stable −1.689 0.910
c19 Stable −0.871 1.728
c20 Stable −0.984 1.615
r11 Stable −1.693 0.906
aLarge G-sheet relaxation. See text.
of a C6-ring are both stable, site r7 being slightly preferred by
∼45 meV relative to the higher-symmetry site r6. Site b2 with
the Ru adatom above the center of a C–C bond is unstable,
the Ru adatom finally moving to site r7 after full relaxation.
Significantly, we find that optimal adsorption on the ridge
is less favorable than either the fcc or the hcp region (see
Sec. III C for details), again fully consistent with the analysis of
Habenicht et al. using a 3 × 3 cell.9 Since the MEP for diffusion
between adjacent fcc and hcp regions, ultimately leading to
long-range diffusion between various preferred fcc regions,
must cross the ridge, we are motivated to perform additional
analysis of energetics in the ridge region. Specifically, we
also analyze energetics at sites c8–c12 for each of which the
Ru adatom is above a C atom. We note that such analysis is
particularly demanding due to significant relaxation of G sheet
in the presence of a Ru adatom. The degree of relaxation is
significantly greater than in the fcc or hcp region. Adsorption
energies are obtained without dramatic relaxation for c8, c10,
and c12, as reported in Table II. However, placing a Ru adatom
at c9 and c11 induces large-scale translational relaxation of G
sheet effectively transforming the local geometry towards the
preferred adsorption sites in the fcc region. It is not necessarily
the case that this type of large-scale relaxation induced by
placing one adatom per unit cell at specific locally stable sites
in the ridge region at T = 0 K is relevant to the energetics of
an isolated adatom diffusion at around 300 K.
As an aside, we also check the influence of the k mesh
on predicted adsorption energies for three selected adsorption
sites (or configurations) r0, c1a, and c5, as listed in Table III.
The enlarging of k mesh from 1 × 1 × 1 to 3 × 3 × 1 cause the
adsorption energy changes of −42, 23, and 15 meV for r0,
c1a, and c5, respectively, and the potential energy changes of
−64 and −8 meV for r0 and c5, respectively, see the second
and fourth columns in Table III. This result indicates that the
influence of the k mesh on adsorption energy strongly depends
on the specific adsorption site.
C. Overview of PES for Ru adsorption on G/Ru(0001)
From Table II, we obtain appropriately defined differences
(∆Ehcp-fcc, ∆Emound-fcc, and ∆Eridge-fcc) in adsorption energies
between hcp and fcc regions, between mound and fcc
regions, and between ridge and fcc regions of the moiré
cell, respectively, thereby characterizing the overall shape
of the PES for Ru adsorption. ∆Ehcp-fcc = E (c13) − E(c1a)
= 0.522 eV corresponds to the energy difference between sites
c13 and c1a (the global minimum) with lowest energies in hcp
and fcc regions, respectively. One finds a particularly large en-
ergy difference, ∆Emound-fcc = E (c19) − E(c1a) = 1.728 eV,
comparing the locally stable site c19 of the weakest binding in
the mound region with the most stable site c1a in the fcc region.
This indicates that the mound region is energetically extremely
unfavorable. Again, the details of energetics in that region
will not significantly impact Ru NC formation. ∆Eridge-fcc
= E (r7) − E(c1a) = 0.773 eV is the energy difference between
the lowest-energy locally stable adsorption site r7 on the ridge
and the global minimum c1a. These results indicate that the
PES is not flat over hcp, mound, and ridge regions. This
presents a different picture from the analyses of Sutter et al.39
TABLE III. Adsorption and potential energies from different DFT PAW
methods for three selective positions (or configurations) r0, c1a and c5. See
Fig. 2 and Table II for these position labels.
PBE GGA,
k 1×1×1
PBE GGA+D2,
k 1×1×1
PBE GGA,
k 3×3×1
Ead (r0) −2.223 −2.891 −2.265
Ead (c1a) −2.622 −3.308 −2.599
Ead (c5) −2.599 −2.584
E (r0) 0.398 0.417 0.334
E (c5) 0.023 0.015
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and Zhang et al.,35 which suggested a rather flat PES in these
regions with an adsorption energy ∼0.4–0.5 eV weaker than
in the fcc region.
Now, let us examine in more detail the adsorption energies.
From Table II, our optimal or lowest adsorption energy in the
fcc region is Ead (c1a) = −2.599 eV at site c1a and comparable
to −2.40 eV from Habenicht et al.9 and −2.60 eV from Sutter
et al.39 and Wang et al.6 In the hcp region, our calculated lowest
adsorption energy is Ead (c13) = −2.077 eV at site c13 and
consistent with −2.00 eV from Habenicht et al.9 and −2.20 eV
from Sutter et al.39 In the mound region, the locally stable
adsorption site is c19 with the highest adsorption energy of
Ead (c19) = −0.871 eV. On the ridge, the lowest adsorption
energy is Ead (r7) = −1.826 eV at site r7. The values for
adsorption energies reported by Zhang et al.35 of −5.04 eV
for fcc, −4.61 eV for hcp, −4.52 eV for mound, and −4.62 eV
for ridge regions are all offset by ∼2–3 eV from the values
reported in our study and by other groups. Ignoring this
offset, the above behavior from Zhang et al.35 is similar to
that reported by Sutter et al.39 with a rather flat PES in the
hcp-mound-ridge region of the moiré cell.
According to Zhang et al.,35 using both PBE GGA+D2
and local density approximation (LDA) methods leads to the
same favorable adsorption sites and similar adsorption energies
for Pt on G/Ru(0001). Therefore, they use only the LDA
method to evaluate adsorption energies for other metal adatoms
including Ru. However, given the discrepancy discussed above
for Ru adsorption between their results and the results from
other groups, we also calculate the energies at r0 and c1a using
PBE GGA+D2 method. As listed in the 2nd and 3rd columns
of Table III, when we use the same k mesh of 1 × 1 × 1 for
the two methods, the adsorption energy at either r0 or c1a is
boosted by ∼0.67 eV. However, the relative adsorption energy
of these sites (as measured by the potential energy at r0) only
has a small change of only 19 meV. Since only relative energies
are important in analysis of NC formation, we do not take the
vdW correction into account in the diffusion calculations in
Sec. III D.
D. Diffusion of a Ru adatom on G/Ru(0001)
The local diffusion barrier of the adatom around the center
of fcc region is a key energetic parameter for modeling of
Ru NC formation.14,7 Actually, the determination and even
definition of this quantity are non-trivial given the complex
nature of the PES. We naturally regard this barrier as being
associated with diffusion out of the most stable adsorption site
c1a corresponding to the global minimum in adsorption energy.
However, this barrier should also be the one that controls
diffusion away from the center of the fcc region, rather than
just localized motion in that region.
Therefore, we determine the MEP for judiciously selected
local diffusion processes for a Ru adatom in the fcc region
by performing appropriate cNEB calculations. For the large
(12 × 12) C/(11 × 11) Ru(0001) supercell used in this work, a
cNEB calculation is extremely expensive. Indeed, our cNEB
calculation was performed on the newest supercomputer
of National Energy Research Scientific Computing Center
(NERSC) using around 30 000 CPUs. The expense of this
large-unit-cell cNEB analysis presumably motivated the use of
a small 3 × 3 Ru(0001) supercell in recent work to estimate the
adsorption and diffusion properties of metal adatoms, dimers
and trimers in various regions of the moiré cell.8,9,40
As already discussed in Sec. III B (also see Appendix B),
the minimum-energy configuration for a Ru adatom in the
fcc region is not the configuration c1 obtained by relaxing a
Ru adatom above a C atom itself above a surface Ru atom
of Ru(0001), but rather a geometrically similar configuration
denoted c1a. Thus, we performed the cNEB calculation using 7
images between two endpoints c1a (instead of c1) and c5 (each
image using 3720 CPUs). See Fig. 3. The force convergence
threshold is set to be 0.1 eV/nm to obtain a more reliable MEP
than with higher thresholds.
From the MEP shown in Fig. 3, there are two saddle
points (s1 and s2) between c1a and c5, and s2 is 8 meV higher
than s1. For the positions of Ru adatom at s1 and s2, see
the corresponding insets in Fig. 3. Then, the energy barrier
for diffusion from c1a to c5 is ∆Ec1a→ c5 = E (s2) − E(c1a)
= 0.480 eV and the energy barrier from c5 to c1a is ∆Ec5→ c1a
= E (s2) − E(c5) = 0.465 eV. Between s1 and s2, there is
a local minimum at r2a with the potential energy E(r2a)
= 0.342 eV, which is 30 meV lower than r2. Similar to the
situation for c1a and c1, the position of Ru adatom for r2a is
almost the same as for r2 relative to the underlying local C
atoms, i.e., Ru adatom always approximately lies above the
center of the C6 ring, but the Ru adatom and the local C atoms
FIG. 3. The MEP of a Ru adatom dif-
fusing from the top of a C atom of the
C6 ring at the center of a fcc region to
the top of a C atom of a nearby C6 ring.
Insets and arrows indicate the initial
(c1a), saddle point (s1), local minimum
(05a), saddle point (s2), and final (c5)
configurations (see Fig. 2 for c5 and
a comparison between c1a and c1, as
well as r2a and r2) on the MEP. The
C6 ring at the center of fcc region is
colored green and the Ru adatom is col-
ored red. The curve is generated from
a modified Bézier method41 by fitting
nine data points (red dots) correspond-
ing to 2 endpoints (c1a and c5) plus 7
images in the cNEB calculation. DFT
method: PAW PBE GGA with k mesh
of 3×3×1.
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FIG. 4. The MEP of a Ru adatom diffusing from the top of a C atom of the C6
ring to the center of a fcc region. Insets and arrows indicate the initial (c1a),
saddle point (s0), and final (r0) configurations on the MEP. Other details are
similar to the caption of Fig. 3.
have a collective shift from r2 to r2a relative to Ru(0001) slab,
cf. r2 in Fig. 2 and r2a in the inset of Fig. 3.
We also obtain the MEP between c1a and r0 by performing
the cNEB calculation using 4 images, as shown in Fig. 4. The
saddle point is at s0, see the corresponding inset in Fig. 4.
Then, the energy barrier for diffusion of a Ru adatom from
c1a to r0 is ∆Ec1a→ r0 = E (s0) − E(c1a) = 0.468 eV and the
energy barrier from r0 to c1a is ∆Er0→ c1a = E (s0) − E(r0)
= 0.134 eV. Diffusion surmounting the barrier∆Ec1a→ r0 allows
local diffusion between three symmetry-equivalent c1a sites
on the periphery of the central C6-ring in the fcc region
via site r0. However, this motion does not lead to diffusion
away from this central ring. Thus, we identify the slightly
higher ∆Ec1a→ c5 = 0.480 eV as the local diffusion barrier
Ed0 in the fcc region because the diffusion path for c1a
→ c5 does correspond to the motion away from the central
C6-ring.
Next, we roughly estimate local diffusion barrier, Ed1,
in the ridge region. Here, it is appropriate to emphasize
the computational expense of cNEB analysis, which is even
greater in the ridge region than the fcc or hcp region due to large
relaxation of the G sheet mentioned in Sec. III C. Thus, instead,
we estimate the transition state (TS) location for hops between
relevant stable adsorption sites and analyze the energy of a Ru
adatom at this location by fixing its x and y coordinates but
relaxing its z coordinate. To this end, we utilize insight from
our analysis in the fcc region to suggest that the TS for the
hopping between c9 and r7 is roughly midway between these
sites. We obtain an energy of E(TS1) = 0.975 eV relative to
the global minimum c1a. Similar analysis of the estimated
TS for the hopping between c9 and r6 by selecting midway
between these sites produces a marginally higher energy of
E(TS2) = 1.038 eV. Such analyses suggest a local diffusion
barrier of Ed1 ≈ E(TS1) − E(r7) ≈ 0.20 eV well below Ed0.
For completeness, we have made a similar estimate of the
local barrier, Ed2, in the hcp region by assessing the energy
at a midway site between c13 and r8. This analysis suggests
that Ed2 ≈ 0.34 eV, which is in between Ed0 and Ed1. The sites
chosen to assess the above three TS energies by fixing x and y
but relaxing z coordinates of the Ru adatom are indicated by
three red crosses in Fig. 2.
Finally, we discuss long-range or global diffusion which
has received attention in recent studies. From our analysis
of the PES, we know that the most stable adsorption site
is c1a in the fcc region. We also anticipate that the global
MEP for long-range diffusion passes over the ridge separating
fcc and hcp regions and that the highest TS energy on this
path occurs in the ridge region. A plausible candidate is
E(TS1) analyzed above. This picture is consistent with the
analysis of Habenicht et al.9 Then, the global diffusion barrier
is given by Egd = Ed1 + ∆Efcc-ridge = E(TS1) ≈ 0.97 eV. The
small supercell calculation of Habenicht et al.9 produced
the reasonably consistent estimate of Egd ≈ 0.87 eV, which
corresponds to an Ed1 ≈ 0.1 eV also well below Ed0.
IV. APPLICATION OF DFT RESULTS TO ANALYSIS
OF DIRECTED ASSEMBLY OF NCs
As indicated in Sec. I, characterization of the PES for
metal adatom adsorption on G/Ru(0001) is essential not only
for system-specific description of short-range and long-range
diffusive transport of adatoms on this periodically modulated
template, but also for elucidation of the more complex pro-
cess of diffusion-mediated NC formation. First, we comment
further on the simpler issue of long-range diffusion of isolated
adatoms. As recognized by Habenicht et al.,9 long-range trans-
port is significantly impacted by the global diffusion barrier
described in Sec. III D. However, it should be recognized
that long-range diffusion in these complex heterogeneous
systems is not described exactly by a single barrier. Precise
analysis naturally fits within the framework of homogenization
or effective medium theories. More specifically, for the case
of transport in a periodically modulated system, the Lifson-
Jackson formula of effective medium theory10,11 shows that
the effective diffusion coefficient must be obtained as a suitable
average over the entire periodic unit cell of both the relevant
potential energy (the adsorption energy for our application)
and the local diffusion rate. It is also appropriate to note that
an exact master equation analysis42 of long-range diffusivity is
possible for this system, see Appendix C.
We now turn to the more complex processes of primary
interest, i.e., diffusion-mediated NC formation. As indicated
previously, detailed understanding and analysis of this process
requires KMC simulation of a stochastic atomistic-level model
incorporating deposition, diffusion, and aggregation processes,
where local diffusion rates might be determined by a suitable
model PES of the form shown in Fig. 5. Reasonable sinusoidal
forms for the slow coarse-variation, Eads, of the adsorption
energy as an envelope connecting local energy minima at
adsorption sites, and the coarse-variation, ETS, of the TS
energy connecting the TS for hopping between local-energy-
minima adsorption sites are described elsewhere.7 The rate for
hopping from initial site, i, to final site, f , is given by hi→ f
= νe−Eact(i→ f )/(kBT ), where ν ≈ 1013 /s and the activation
energy satisfies Eact (i → f ) = ETS (i, f ) − Eads(i). We take
ETS (i, f ) as the average of the values of ETS at sites i and
f . The value of this local diffusion barrier in the center of the
fcc region is set to Ed0.
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FIG. 5. Schematic model 1D PES for a Ru adatom on G/Ru(0001) along the
long diagonal of the rhombic moiré cell shown in Fig. 1(c). The local diffusion
barrier varies from Ed0 in the fcc region to Ed1 in the ridge region to Ed2 in
the hcp region.
Before specifically discussing the Ru-on-G/Ru(0001)
system, some general comments are appropriate. To illustrate
the complexity of the NC formation process and its relationship
to the underlying PES, consider first behavior for a simpler
form of the PES whereδ = ∆ andδ∗ = 0, with roughly constant
local diffusion barrier (so the PES is flat in the hcp region).
Then, the global diffusion barrier is given by Egd ≈ Ed0 + ∆.
If the NC density was completely determined by Egd, then FF
would not change when Ed0 and ∆ are varied but Ed0 + ∆ is
held constant. However, KMC simulations show that this is
not the case.14 Instead, FF has weak dependence on ∆ when
this modulation is small, i.e., FF is primarily determined by
Ed0. For moderate ∆, to maintain fixed FF when Ed0 and ∆ are
varied requires the combination Ed0 + c∆ with c ≈ 0.4 to be
held constant rather than with c = 1. See Ref. 14. One might
expect a regime of large modulation of the adsorption energy
where FF will be primarily controlled by Egd.
Returning to the Ru-on-G/Ru(0001) system, our DFT
analysis determines most of the key parameters characterizing
this model PES:7 Ed0 = 0.48 eV, ∆ = 0.52 eV, δ = 0.77 eV,
and δ∗ = 0.14 eV, with rougher estimates for Ed1 and Ed2.
As noted above, a full PES prescription can adopt a smooth
sinusoidal coarse variation of Eads and ETS which should suffice
to capture the key features of NC self-assembly. In principle,
KMC simulation can then be performed to provide a detailed
assessment of model behavior. However, previous studies
reveal that simulation becomes extremely computationally
expensive for this “low” Ed0 and large modulation of the
PES. In this regime, isolated adatoms rapidly diffuse primarily
within the fcc region of a single moiré cell and make
“rare” excursions between cells. This rapid intra-cell hopping
consumes most of the computational resources. While the
excursions between cells are rare compared to the numerous
rapid hops within fcc regions, they are significant on the
timescale of deposition and can be sufficiently frequent to
produce NC nucleation with FF << 1.
This latter observation motivates development of simpler
coarse-grained (CG) simulation focusing on excursions of
adatoms between moiré cells. To this end, we first note
that atoms are deposited on the G sheet either into fcc or
hcp regions. However, the atoms deposited onto hcp regions
quickly reach adjacent fcc regions at around 300 K, given that
the barrier for this process of δ − ∆ + Ed1 ≈ 0.35–0.45 eV is
far below Egd. Thus, a CG model can regard the adatoms as
primarily confined to fcc regions and making rare transitions
FIG. 6. Curves from KMC simulation of a CG model predicting FF versus Ru
adatom coverage θ for different values of keff/Feff. Dots show experimental
data14 for deposition of Ru on G/Ru(0001) at 305 K.
between moiré cells with rate keff, where we define keff
to correspond to the total rate of transitions to any of six
neighboring fcc regions. The effective deposition rate into
each fcc region is Feff = 121F, where F ≈ 10−4–10−3 ML/s
is the conventional deposition rate of Ru adatoms. Here, a
ML is measured relative to the Ru(0001) surface, so each
moiré cell corresponds to 121 Ru atoms. Thus, our CG lattice
KMC simulation deposits adatoms on “sites” (representing
cells) at rate Feff and allows transitions between “sites” at total
rate keff. Whenever two adatoms are in the same “site,” they
immediately and irreversibly form a NC with the size of 2
atoms. Whenever an atom reaches a “site” already occupied
by a NC, it immediately and irreversibly incorporates into the
NC increasing its size by 1 atom. The simulation tracks which
“sites” have adatoms and which have NCs, and can also track
the NC sizes. However, of primary interest here is the behavior
of FF versus the Ru coverage θ, where FF is the fraction of
“sites” with NCs. The model naturally recovers exact behavior
for keff = 0 corresponding to a Poisson distribution of NC sizes,
for which FF = 1 − (1 + 121θ) e−121θ.
Results of such CG simulations of FF versus θ for different
values of keff/Feff are shown in Fig. 6, together with the
experimental data14 corresponding to the deposition of Ru
for F ≈ 10−4−10−3 ML/s at T = 305 K. From this analysis, it
follows that the choice keff/Feff ≈ 400 is reasonably consistent
with the experimental data. Choosing F ≈ 10−4 ML/s, one
obtains keff ≈ 5 /s at 305 K. Then, setting keff = νeffe−Egd/(kBT ),
one obtains νeff ≈ 1016.8 /s (or 1015.1 /s) for Egd ≈ 0.975 (or
0.87 eV). The prefactor νeff corresponds to the escape rate
from a fcc region via many possible paths to any of the six
neighboring fcc regions. Thus, these νeff values, which are
high relative to the prefactor ν ≈ 1013/s for hopping between
adjacent adsorption sites, are reasonable. We consequently
conclude that our DFT estimates for PES energetics including
Egd are reasonably consistent with experimental data.
V. SUMMARY
In summary, we have provided a computationally demand-
ing large-scale DFT analysis both for the adsorption energy
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and for certain aspects of the diffusion of Ru adatom on
G/Ru(0001). The basic features of our results are reasonably
consistent with the small-unit-cell studies of Habenicht et al.,9
but there are significant differences from previous large-cell
calculations. The latter discrepancy might be expected given
the extreme computational demand (e.g., for relaxation) in
these analyses. The motivation for this study is to provide
insight into the key energetics guiding the directed-assembly
of Ru NCs by deposition of Ru on G/Ru(0001). Incorporation
of this energetics into an appropriate coarse-grained atomistic
model for directed-assembly and KMC simulation of that
model produces behavior consistent with experiment.
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APPENDIX A: DFT ANALYSIS OF BULK AND SURFACE
PROPERTIES OF Ru(0001)
Our DFT analysis of the bulk hcp Ru crystal chooses the
primitive cell (including two Ru atoms) as the supercell. The
k mesh is taken to be 51 × 51 × 51, which is large enough
for energy convergence.43 The energy cutoff is set to be the
TABLE IV. Lattice constants (a and c) and cohesive energies (Ec) of hcp
structure of Ru crystal from experiments and DFT methods.
a (nm) c (nm) Ec (eV/atom)
Experiment (0 K) 0.270 28a 0.427 42a 6.74b
DFT methods
PAW, PBE GGA 0.271 4c 0.427 7c 6.782c
PAW, PBE GGA+D2 0.268 3c 0.422 6c 7.501c
FCD LMTO, GGA 0.272 3d
PAW, PBE GGA 0.272 4e 0.430 5e
PAW, PBE GGA 0.272 4f 0.430 8f
PAW, PBE GGA 0.273g 0.404g
GTH, revPBE+D2 0.268 5h 0.424 2h
TM, PWCA LDA 0.270i 0.426i
PAW, PBE GGA 0.272 6j 0.430 2j
aReference 44.
bReference 45.
cThis work.
dReference 46.
eReferences 22 and 24.
f Reference 23.
gReference 25.
hReference 36.
i Reference 47.
j Reference 8.
VASP default value 213.271 eV (a test of increasing the energy
cutoff to 400.000 eV causes a tiny energy change of only about
1 meV per Ru atom). Using the PBE GGA functional, we find
that the total energy ET is lowest when the lattice constants
a = 0.2714 nm and c/a = 1.576, with the cohesive energy
Ec = ERu − ET/2 = 6.782 eV, where ERu is the energy of one
Ru atom in gas phase. Using the PBE GGA+D2 method for
vdW correction, we obtain the lattice constants a = 0.2683 nm
and c/a = 1.575, with the cohesive energy Ec = 7.501 eV.
These values are listed in Table IV. From Table IV, our
PBE GGA values of a and c are in better agreement with
experimental values at 0 K than those from the previous DFT
calculations in the literature. Both lattice constants and the
cohesive energy from the PBE GGA+D2 method deviate more
from experimental values, see Table IV.
Our surface-energy calculation for a Ru(0001) slab with
a thickness of L (in units of ML) uses a 1 × 1 lateral supercell.
The vacuum thickness is 1.5 nm (achieving total energy
convergence) and the k mesh is always 51 × 51 × 1. The
surface energy is calculated as43
γL =
Etot − NL(−Ec)
2A
, (A1)
where Etot is the total energy of the slab in the supercell, NL is
the total number of atoms in the slab, and A = (√3/2)a2 is the
area of a free face of the 1 × 1 slab. We use the PBE GGA func-
tional with the energy cutoff value of 213.271 eV and obtain γL
for both “fixed” and “relaxed” slabs in Fig. 7. The oscillations
in γL versus L, as shown in Fig. 7, are generally attributed
to quantum size effects on metal films.48,49 With increasing
L, the value of γL approaches “bulk” surface energy. From
our calculations (see Fig. 7), γL=31 = 2.605 and 2.697 J/m2 for
the “relaxed” and “fixed” Ru(0001) film, respectively. These
reasonably match the experimental estimate of 2.655 J/m2 at
the melting point of Ru50 versus previous DFT values for
Ru(0001) film: 3.32 J/m2 51 and 3.928 J/m2.46 Given the small
relative error (γL=3 − γL=31) /γL=31 ≈ −3.4% in surface energy
for L = 3, we assume (as was done in previous work22,23,25) that
it suffices to use a substrate with L = 3 to assess the energies
of interest in this study.
FIG. 7. Surface free energy γL from our DFT calculations versus thickness
L for fixed and relaxed Ru(0001) films. DFT method: PAW PBE GGA with
k mesh of 51×51×1.
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APPENDIX B: EXPLORATION OF THE ADSORPTION
ENERGY LANDSCAPE
As noted on Sec. III B, relaxation of an adatom at various
high-symmetry sites with respect to the G sheet is not guar-
anteed to find the lowest-energy configuration for Ru adatom
adsorption in the fcc region. However, this approach does effi-
ciently find various locally stable low energy sites. For a more
comprehensive search, one can use pairs of these locally stable
sites as the endpoints for a cNEB analysis and assess the energy
of other configurations on the MEP. Indeed, we performed such
an analysis using 10 images between two endpoints c1 and
c5 configurations with a rough force convergence threshold
of ∼0.5 eV/nm (and using 3720 CPUs per image). In this
way, we found that there is a configuration (called c1a, as
mentioned in Sec. II B) with a lower energy than c1. When
the configuration c1a is further independently optimized (fully
relaxed), we obtain an energy which is 41 meV lower than c1,
see Table II. This analysis also produced the characterization
of the difference in geometry between c1 and c1a, as described
in the text.
APPENDIX C: MASTER EQUATION BASED ANALYSIS
OF LONG-RANGE DIFFUSION
It is also appropriate to note that for the system of interest
here, an exact analysis of long-range diffusivity is possible
(versus an approximate estimate from effective medium or
other theories). Here, we just give a brief description of the
basic procedure which is based on the theory of multi-state
random (or biased) walks.42 The probabilities to find the
adatom at one of N adsorption sites within a specific moiré
cell with position r can be represented as an N-component
vector,P(r). Then, the linear master equations for this diffusion
problem couple these probability vectors to those for adjacent
cells, where “adjacent” means that an adatom can hop directly
between these cells. Fourier transformation,
P˜(k) =

r
e−ik·rP(r), (C1)
of these equations exploiting the periodicity of the system
yields a simpler linear equation
d
dt
P˜(k) =M(k)P˜(k), (C2)
where the N × N matrix, M, contains complete information
on the local diffusive hopping rates. The eigenvalue associated
with the “diffusion mode” of M(k) has the form
λdiff ∼ −Deff |k|2, (C3)
where Deff is the desired effective (long-range) diffusion
coefficient. Thus, an explicit evaluation of Deff is possible,
given an atomistic-level model prescribing local hop rates
between all adjacent adsorption sites. Ideally, the type of
prescription used in previous work7 would be refined to include
available information from recent DFT analyses. However,
given the limited utility of Deff for assessment of NC formation,
we forgo this analysis.
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